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Therateoflocalheattrsmsferfroma solidsurfaceto a moving
fluidisrelatedtothelocalskinfriction.Measurementsofheattrans-
ferfromsmallelementsembeddedinthesurfaceofa solidcanthusbe
usedto obtainlocalskin-frictioncoefficients.Thismethodwasapplied
byFageandFallmerforlsminarQoundarylayersandby Ludwiegfortur-
bulentboundaryLayers.Thepresentreportdiscussesthepossiblerange
ofapplicationof suchan instrmentinlow-andhigh-speedflowand
presentsexperimental.datato showthata veryshple instrumentcanbe
usedto obtainlaminarandturbulentskin-frictioncoefficientswitha
singlecalibration.Theinstrumentconsistsofan ordinaryhot-wire
cementedintoa grooveinthesurface.Theheatlossfromthewireis
proportionaltothecuberootofthewallshearingstress,andthecon-
stantofproportionalitymaybe foundby onecalibration,forexample,
inlaminarflow.

INTRODUCTION

It isthepurposeofthepresentreportto discusssomeaspectsof
themethodof obtainingskin-frictioncoefficientsfrana meas~nt of
thelocalrateofheattransfer.ThisstudydevelopedlogicalJyfrom
thepreviousworkon skinfrictionattheGuggenheimAeronautical
LaboratoryoftheCaliforniaInstituteofTechnology.A compactand
sensitiveskin-frictionbalancewasdevelopedbyDhawan(ref.1)and
furtherimprovedby Coles(ref.2)andHskkinen(unpublished).COleSt
extensivemeasurementsof localSW frictionin supersonicflowshow
thatveryaccuratemeasurementscanbe obtainedusingsucha balance.
Theforcemeasurementshavetwogreatadvantages.First,they are abso-
lutemeasurements;thatis,no calibrationotherthanthedetermination
of thespringconstantofthesystemisnecessary.Second,theresult
ofthemeasurementyieldstheshearingstressdirectly.‘Themethodhas
thedisadvantagethata ratherdelicatemechanismisemployedandfurther-
moreisessentiallyrestrictedto casesofzero,orat leastsmall,
pressuregradients.
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Coles(ref.2)hasemployedthebalance$nflowswitha moderate
pressuregradientsmdhasshownthattheinstrumentcanbe calibrated
forthispurpose.However,themeasurementrequiresa correctionfor
apparentshearduetopressureforce,andhenceoneofthemainadvan-
tagesofthefloating-elementtechniqueislost.Therefore,thelogical
nextstepisthedevelopmentanduseofa methodwhichrequiresa cal3-
brationbutislessdelicatethanthefloating-elementtechniqmsadcan
alsobe usedinregionsoflargepressuregradients.Thefloating-
elementtechniquemaythenbeusedto calibratesucha relative
instrument.

Twomethodsof skin-frictionmeasurementusedinthepastwhichcan
be developedfurtheraretheStantontubetechniquean.dthemethodof
measuringlocalheattransfer.A fewmessurementsusingtheStantontube
inhigh-speedflowandinlargepressuregradientshavebeenmadeby
HakHnen(anunpublishedpaper).Theheat-transfermethalusedby Fage
andl?alher(ref.3) in laminarbo~ layersandby Iudwieg(ref.k)
andby LudwiegandTi13mnn(ref.5) in turbulentboundarylayerswill
be &Lscussedin thisreport.

FageandFallmeraswellasLudwieghavedemonstmtedthatthe
methodisfeasibleforsubsoniclaminarandturbulentflowandinregions
oflargepressuregradient.It isthepurposeof the presentstudyto
investigatetheapplicationofthismethodtohigh-speedflow. Thebasic ~
requirementsandrqe ofapplicabilityforsuchan instrumentaredis-
cussed.At GALCITanattempthasbeenmadeto developan instrument
capableofbeingcalibratedina laminarboundarylayerandusedina
tuxbulentboundarylayer.Afterconsiderabletimewasspentwithelab-

.

oratedevicesitwasfoundthata simplehot-wire@beddedinthesolid
surfacemeetstheserequlrements.Althoughmessurementsinhigh-speed
flowhavenotyetbeenperformed,thetheoreticaldiscussionandthe
resultsofthelow-speed-flowmeasurementsshowthatthisinstrumenthas
veryattractivefeaturessmdthatfurtherdevelopmentiswelJwarranted.

Thisinvestigationwasconductedunderthesponsorshipandwiththe
financialassistanceoftheNationalAdvisoryCommitteeforAeronautics
andfomed partofanNACAsponsoredinvestigationof skin-friction
measurementsinhigh-speedflow.
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stresmwisedimensionofheatedelement

I?usseltnuder, %4~

Prsmdtlnumber,cpv/A

pressure

totalheatfluxfromelementperunittimeperunitof
cross-streamwidth

heatfluxperunitareaofelementperunittimeatwall

Reynoldsnumberbasedon L, @J’L/p

Reynoldsnwnberbasedon E, pug/p

temperature(alsousedforplateandelement)

time

free-stresmvalueof u

velocityinx-direction

downstreamcoordinate;originatleadingedgeoffkt
plate

Y coordinatenormalto

4 thicknessofthermal

8 thiclmessoflsminar

6 thiclmessoflaminar

.A tbennalconductivity

phte\

layer

sublayer

boundarylayer

P coefficientofviscosity

v Mnematicviscosity

k x-coordinateofupstreamedgeofheatedelement
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Sibscript:
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fluiddensity

shearingstressat solidsurface

exponentofvi$cosi~-temperaturelaw

atwall

NACAm 3268
“

.,

PRINCIPLESOFHEATEDELEMENT

FageandFalher (ref.3)andLudwieg(ref.4)havegivensomewhat
elaboratetheoreticalanalysesoftheheated-elementtechniqueof shear
measurement,andtherecentpapersofLighthill(ref.6)andChapmanand
Ru..esin(ref.7) arealsouseful.However,it seemspreferablehereto
workoutthepertinentfeaturesofthemethodfromsimplesimilarity
considerations,sincethistreatmentcanbe extendedeasilytoflowat
highspeedandtoflowwithpressuregradients.Inworkingwithdimen-
sionalandsimilarityconditionsitwillof coursenotbepossibleto
obtainthenumericalvaluesofMnensionlesscoefficients.TMs fact,
however,isofminorimportancesinceproblemssuchasheatleakagewilJ
complicatetheboundaryconditionsforanactualelementandinmost
caseswilJmakecalibrationmandatory.

FundsmentaXly,theheated-elementtechniqueas showninfigures1
@d 2 makesuseofthewell-lmownresemblancebetweenthediffusionof
heatandofvorticityl-neara solidsurface,theformerbeingresponsible
fortheheattrsmsfer andthelatterfortheshear.Fromtbesurfaceof
a solidbodyinviscousflow,vorticitydiffusesintotheflowforming
theboundarylayer.Ifthesurfacetemperatureofthebodyisraised
abovetherecoverytemperature,heatwilldiffusetitotheflow, The
diffusionprocessconsistsof continuousconductionofheatorvorticity
fromthewallintothestresm,withsimultaneousremovaldownstnsmby
theexternalflow.

FlowWithZeroPressureGradient

Considerfirsta flatplateextendingdownstreamfran x = O with
a insulatedsurfaceandthereforea unifomntemperatureupto a
point X=3. At ~ thesurfacetemperatureisraisedby ansmountAT
andkeptatthislevelfor x > E.

%here isno difficultyinexbmdingtheconsiderationstomass ‘
transferaswell.

“
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lY p denotestheviscosity,p thedensity,and U thefree-
streamvelocity,then Tw, the sh’2u@ StE!SS S.% the ~, can be
expressedintemm ofa viscous-boundary-layerthichess b by

wtth

(1)

(2)

Theheattrsmsferatthewall
?
, whichbeginsat x = ~,canbewritten

inananalogouswayintermsof he temperaturedifferenceAT andthe
heat-conductioncoefficientA

where O denotesa thermal-boundary-layer
a processidenticaltotheonedetermining

(3)

thicknesswhich~isesfrom

heh intothefMid a@ transportdownstr&.
to v istheratioA/pcp.Hence,by analo~

nsmely,conductionof
Thecoefficientequivalent
withequation(2),

(4)

where thevelocityu(3) hasnowtobe evaluatedattheedgeM the
thermallayer.It shouldbe recalledthatequation(2)isoftenbased
uponsnargumentofLordRayleigh’susingtheanal.o~withthespreading
ofheat. Rayleighdiscussestheproblemofan infinitelyextendedflat
platesetimpulsivelyintomotionwithconstantvelocityU at
time t=o. Foran incompressiblefluidtheequationsofmotionreduce
thento

.

au— =W2U
at

/
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IXtheplate
time t = O,

NM!ATN3268

issuddenlyheatedto a temperaturedifferenceAT at
thecorrespondingequationfor T is:

Hencethelayeroffltidaffectedbythespreadingofvorticityorheat,
respectively,isata time t

and

da r-A-tcpP

Equations(2)and(4)followby consideringthetimetakenby a fluid
psrticletotravelfromtheoriginofthevorticityorheatspreading
tothepoint x asthetime t inthenonstationarycase.Theonly
newfeatureinequation(4)istheuseofa variableoutsideveloc-
ity u(o). 5t is,theetistingboundary-hyerflowisconsideredto
be a givenefiernal.flowfieldintowhichtheheatfromthewalldiffuses.
Thisconceptwillprovequiteusefulforthepresentconsiderationssnd
isbelievedtobe applicabletomanyotherproblemsofa similartype.
Theregionnearthewallwillbe ofprimaryimportancefortheheat
transfersothatwithinlimitationsdiscussedlateru($) canabe..
replacedby thefirsttermofa seriesstarting
is,sincethevelocityatthewalJiszero,

bsertingequation(~)intoequation(4)@eIds

fromthewall.’That

(5)

immediately

(6)

2FageandFalkner(ref.3), Ludwieg(ref.4),Lighthill(ref.6),
andothershavealsousedthisapproximation.

-. — —
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andtheheatflu atthe- b.ec~esjfr~ ewtion (3)j

%.aw(#3(~~’3 (7)

Introducinga NusseltnumberNu basedonthelength~,equation(7)
cambewritteninternsofthelocalskin-frictioncoefficient
Cf= 2Tw/@2,thePrandtlnuniberFr = ~1~, andtheReynoldsnumber
RE= pug/p:

(8)

Fromequations(~)and (8) onemayalsoobtainformulasfortheinte-
gratedheattransferfroma heatedstripextendingfrcm ~ to ~ + L,
SW; thus

(7a)

and

QwNu(~,L)== a

Fortheheattrqnsferfroma
~(x) willbe
equations(7a)

(%2y3f+L,2;::.,3 (&)

shortstrip,thatis L <<~, Tw(x)or
nearlyconstsntinthersmgeof integrationandhence
sd (8a) beccduesimply

and

(8b)

-.. . -——— .. ..— . —-...—. -. —..— ..—.— ...—. . . .. . . .,_ _____ __..-
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Equation
friction
stripof
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(8b) isthebasicrelationusedforthedeterminationof skin-
coefficientsfroma measurementofheattransferata heated
lengthL. Equations(7) and(8) differsomewhatfromthe

resultofLighthiM_(ref.6) andfrcmothermoreelaboratecomputations,
fore-le, fromEckert(ref.8). I&hthill’seqpationcorresponding
toequation(7a)reads:

Q(EJ) .o.n(#Lf+v%~
~nce, exceptforco~tmt factorsthe~ference~tw’een~@t~’s
egyationsadequation(7a)istheformoftheshearing-stressintegralJ;
thatis,fromLighthill’sequation

as comparedwith

fromeqyation(7a).Forsmallvaluesof L, Tw iSnear~ constantand
theintegralsagreeexceptfora constant,sincebothareproportional

113L2i3.q!hedifferenceisthusquitehmaterialforthepurposetO Tw

ofthepresentpaper;itarisesfromthefactthattheshplerelation
ofequation(4) for $ doesnottakeintoaccountthat u,becauseofthe
thickeningoftheboundary@er, dependson X-

.

Ontheotherhand,itshouldbekepttimindthatthereasoning
leadingto equation(7) or (8) isbasedonlocalconsiderationsonly.
Thusequations(7) and(8) are validinboththelsminarandtheturbu-
lentboundarylayersas longasapproxhnation(~)holds.intheturbu-
lentlsyerthisrequirestherestrictionthat O be lessthanthethick-
nessofthelaminarm.iblayer.Thisconditionwillbe discussedbelow,
afterconsideringtheeffectsofa strongpressuregradient.

——
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EffectofPressureGradient

Forapplicationoftheheat-trsnsfermethodnear,butnotofcourse
at,a separationpoint(e.g.,in shock-wavebounda~-layerinteraction
experiments)itisimportanttodiscussthetrendofequations(7) and(8)
ina pressuregradient.

Theincompressibleflowwillbe consideredfirst: Equations(3)
and(4) are stillvalidlocallysincetheeffectofchangeinvelocity
profileovertheelementl.engbhisan ordersmallerthantheeffectof
velocityprofileitself,butequation(~)
opingequation(~)to secondorderyields

Ina boundarylayer

(a@@)w by

thepressuregradient

hastoye reconsidered.Devel-

(9)

dp/dx isrelatedsimplyto

andhenceequation(9) can be written

(
Tw$l+ au(a)”= —
P ~

dp+
ax””” ) (9a)

Thustheparameter

characterizestheinfluenceofthepressuregradient.If dp/dxSO ~
theshear-rwislargeand m will.be small.Conse~nt~, there~.
tionsofthesectionentitled“FlowWithZeroPressureGradient”will
remainunaltered.

Approachingseparation,however,(~/Tw)(dp/ti)willincrease
indefinitelybecause7W tendsto zero.Thusit isnecessaryto

. . .- ._._ .-..—.— ____ ,—-... .. —..— _ . ..—. —._—__
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establishtheheat-transferrelationsforlargevaluesof n todeter-
minetheeffectofpressuregradient.Forthiscase u(O) becomes
independentof Twj

42dpU(3)s —— (10)
2J.Ldx

andhencefromequation(4)

()
44a&_&

Consequentlyequations(7)and (8) become

%=w(#4(g~’4(x. ,,-.,4

and

Nu(x,fj)=Pr
“4($% J’4(*T’4

or

( y4(’g)q-#4Nu(x,~)= PrR~

Theequivalentofequation(8b)wouldthusread

(IL)

(12)

d

(13)

(14)

whereit is,of course,stillassumedthat dp/dy<< dp/dxatthepoint
ofmeasurement.
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ApplicationtoTurbulentEmndarylkyers

.

Thesimplestandmostdirectapplicationtoturbulentboundary
layersoftheheated-elementtechniqye,inviewoftheforegoingsimple
considerations,followswhenthethemal.-boundary-layerthicknessd
isrequiredtobe smalJ_erthanthelsminarsubls.yerthicknesse ofthe
turbulentboundarylayer.Inthiscasetheconditionsintheincompress-
ibleturbulentandlsminarboundarylayersdifferonlyinthevalueof
Tw,andhencea singlecalibrationshouldbe sufficientto establishthe
nurical constantinequation(8b)forapplicationbothintheturbu-
lentandlaminarcase.Thatthisisexperimentallyfeasibleis shown ‘
presently.However,thepertinents~larity relationsaredeveloped
first.

Nearthewallthevelocitydistributionina turbulentboundsn
lsyerfollowsthe“universalw~ law;”thatis, u(y) obeysa re~tion
ofthefom

‘(y)‘Ef(w (15)

Theextentof
functionf.
astheregion

the so-calledlaminarsublayerdependsupontheformofthe
Ordinarilyonedefinesthelsminarsublayerthicknessf3
inwhich u isa linearfunctionof y; thatis,

f“<< f’

althoughphysicallyitseemsbetterto definef3entirelyintermsof
ener~ dissipation,as,forexample,onedefinesa microscaleofturbu-
lence.Sinceonlyan order-of-magnitudeestimateisneeded,numerical
constantsof orderunitycanbe omitted;thus

sothattheconditionforapplicationofthe
theturbulentboundarylayerreads

heated-element

(16)

techniqueto

(17)

.—.._ .._ _____ ___ _____. —.... .. ——— . . —— —-c ___ . ...—
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Themaximumvalueof ~ isreachedatthedownstreamendoftheelement,
thatis,at (x- ~)= L, andthusfromequation(6) .

or

HencetheReynoldsnuniberbasedonthelengthoftheheatedelementhas
tobe lessthanthePrandtlnumberdividedby thesquareoftheskin-
frictioncoefficient.Usinga simpleempiricalrelationfor C-ffor
turbtientflow,equation(18) canbe writtenconvenientlyintermsof
L/E. Fora turlmlen%flat-plateboundarylayer Cf isapproximately
givenby

andequation(I_8) becomes

:< PrRE-3/5 (19)
\

It ispossibleto satisfythisconditionexpertientaJ3ybymakingthe
effectivelengthoftheelementsmallenough.However,twointeresting
casesarise.First,thereexistsalsoa lowerlimitfor L,beyondwhich
theboundary-layerappro-tion ceasestobe sufficient,since&/ax
caunotbe consideredsmallcomparedwith ~/ti;expresseddifferently,
$ isno longersmallcomparedwith L. A shortdiscussionofthis
limitationisgivenlateron. Second,thelengthoftheheatedelement
maybe largerthanthatrequiredby egyation(19), andthentheflow
outsidethesublayerwillbecomeimportant.Thiswillaffectboththe
mean-speeddistributionandtheeffectiveheatconductivity.b this
case,whilemeasurementof skinfrictionby useoftheheatedelement
becomesmoredifficult,itispossiblethatthemethodmaybecomeuseful
forthedeterminationofturbulentexchangecoefficientsnearthewall.
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EffectofCompressibility

Sincethepurposeofthepresentdiscussionisprimarilytoformulate
a theoryfora skin-frictionmeasuringinstrument,it ispossibleto
restrictthetemperaturedifferenceAT tovaluessmald.enoughtoneg-
lectthevariationsof ~, p, A,andsoforthdueto AT. However,in
orderto extendthepreviousequationstohigh-speedflow,variations
of p, p, 1,andsoforthduetovariationsinmeantemperatureinthe
boundarylayermustbe considered.

ThequamtityAT willevidentlyalwaysdenotethetemperaturedif-
ferencefromrecoverytemperature,exceptwhenheattransferispresent
initially;theanalysiscm of coursebe extendedtothiscaseifdesired.
ToesthatetheMachnumbereffectitisthusnecessaryto estimatethe
temperaturedifferenceacrossa layerofthicknesst9intheoriginal
flow. Since ~ isalwaystobe keptsmallcomparedwiththeboundary-
layer_Mrlc.knessb thisdifferencecsausuallybe expectedtobe small;
hencesimpleandwther crudeestimateswillsuffice.

Consideringflowofa perfectgas,theenergyintegralmaybewritten
intheformvalidfor Fr = 1 andzeroheattransfer,

~2
2
u + CPT= constsQt (20)

Writing

T(-o=%+(:):+($)w$ +...

andevaluatingthederivativesfromequation(20),

T(a)- Tw

or

(a)

---- —. --— . .. . . . . . . .—— ——— — --—.- ——— —-- _ .—.. . -— —-—--— -
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orbetter

,,

Tw- T($)

()

~ ‘L%
22/3 ‘-1Mm2

2
Tw 4Pr

(22)
-1

1+~ Mm2
2

Tobe consistentthe-Prandtlnumberineqwtion(22)shouldbe setequal
tounityorelse ~z
of Fr accountingfor
equation(20).

Theeffectonthe
expressedinequations
csmkewritten

shouldbemultipliedbytheappropriatefunction
thedeviationoftheactualenergyintegralfrom

measurementsofthetemperaturedifferenceas
(21)or (22)isfoundfromequation(7b),which

(23)

Thevariationsintemperaturewillbe ingeneraltoosmallto affect~
and Pr atallandhencethecompressibilityeffectfortheinstrument ,
consistsessentiallyofthevariationof pp acrossthethermallayer.
Theeffectcanbe easilyestimatednoweitherbyusingapproximationsto
Sutherland’sviscosi@laworevenmores@l.yby usinga powerlawfor
the v(T) relation.Putting

the meanvalue (Pll)l’3inthethemallayerisrelatedtothewall
valueby

Nowforair
pressibility
P1-Y@3(1-
instrument.

(PI-L)l’3=l+l-U

(P,);/3 9
()p 2/3
‘Lcf (7- 1)%2

4Pr 2+ (7 - l)M@2

(24)

(25)

o s 0.76, hence (1- LD)/9*0.03, andthereforethecom-
effectisinmostcasesnegligiblesincethefactormulti-
0)/9 will be smallerthanunityfora reasonablydesigned
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Thus,etiensionsofthismethodof skin-frictionmeas~mentto
compressiblefluidflow,whilenottrivial,shouldbe perfectlyfeasible.
It shouldbenotedthatthediscussionofpressure-gradienteffects
remainsvalidforfirstapproxhations.Forcomp~ssiblefluidflowthe
relationbetweenpressuregradientdp/dx~d (azupyz)wreads

with

Thisyields

()a2u_ 1 dp ()Tw a10ge p
—-—2. I+(IX yw ay w

Forthe@isturbedflow (~~)w

Q mTw

()

aT-——
dx ‘Jlwayw

(26)

(27)

= O andhencetherelationbetween

(a%Y2)w W dp/ti isni=Q”thesameasforticompressibleflow.

LimitationsofBoundary-Layer-TypeAnalysis

Therelationsdevelopedsofarforthecharacteristicsoftheheated
elementareboundary-layer-typerelations.Thisisimpliedinequa-
tion(4),whichgives 3 intermsof x - ~ and u, andalsointhe
tacitlyassud factthatdownstreamconditionsareimmaterial.sothat
anelementoflengthL willbehaveliketheinitialL unitsof’a
semi-infiniteelement.Therestrictionssofu imposedupon L sresuch
asto reqtiethat L be small.However,itisevidentthata limitwi13
be reachedbeyondwhich L cannotbedecreasedwithouta violationofthe
boundary-ls,yer-typeflow. To estimatethislimittherehtionbetween
L and iicambewrittendown.Theboundary-layer-typestudythen
requiresL>> 0,thatiS,

(%=%2)113>>~
or,comparingeqution(28) withequation(8b),simply

Nu(L,3)>> 1

(28)

(28a)

. . -—. - -.—— ..—. —.-. .-..— —— .— -—.—- - .-. — -.— .. ..— -—..—— —.—.—. —.—. . . .



16 NACATN3268

Thisgivesa lowerlimitfor Nu. Themoststringentupperlimitis
givenby equation(18) forthecaseoftheturbulentboundarylayer.
Usingequations(18) and(28a) the rsmgeforwhichtheinstrumentis
applicableh theformdescribedhereisgivenby

.

Emmummm PRocEDmArm

HeatedElement

.

(29)

RFsULTs

Considembletimewasspentindevelopingvarioustypesofelements
andmethodsofmeasuringheattransfer.Thefinalexperimentalarrsmge-
mentisdescribedbelow,whilea fewremsrksconcerningothermethods
areincludedintheappendix.

ina
were
case
just
trip

An eboniteplate,witha O.0005-inch-dismeterplatinumwirecemented
grooveinthesurface,washeldina free-airjet. Turbulentlayers
establishedbyusinga tripwireneartheleadingedge,or inthe
ofthelowestturbulentshearingstressby supportingthetripwire
offthesurfaceoftheplateandallowingittovibrateinorderto

,,

theflow. Iaminarlayerswereobtainedwiththeplateclean.Veloc-
ity-profileswereobtained-witha similarpls,ti.nmnwire,mountedasan
ordinaryhot-wire,carriedona micrometertraverse.Theapparatusis
sketchedinfigure3. Shearstresswascalculatedfromtheslopeofthe
velocityprofileatthewall(inthelsminarsublsyerinthecaseof
turlnil.entboundarylayers).

A firstattempttousethehot-wireitselfasthesurface-heated
elementby touchingittothewallprovedunsuccessful,possiblybecause
ofslightirregularitiesintheebonitesurface.Theconductionofheat
tothewallisalwaysa sourceoftroublewhena hot-wireisusedvery
closetoa surface,@ itwasthoughtthatby continuingthereadings
rightuptothewall,thewireshouldbehavelikeoneembeddedinthe
wall.AU exsmpleoftheprofil.esoobtainedisgiveninfigurek.

Withtheflush-mountedwire,readingsofheatflowperunitrisein
temperatureofthewirewereobtainedandplottedagainsttheone-third
poweroftheshearingstresscomputedfromthehot-wirevelocityprofiles.
Figures showsthatitispossibleto obtainreasonableconsistency.The
scatterofpointsinfigure5 islargelyconnectedwiththemeasurement
ofshearingstressby theslopeoftheprofilenearthewall. The
scattercanprobablybe reducedconsiderablyby a calibrationwitha
floatingelement.

.
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Instrumentation

Forvelocity-profileworkthehot-wireanda half-ohmstandard
resistancewereconnectedinoneam ofa ShallcrossWh.eatstoneBridge
andresistancewasmaintainedconstanttofour-figureaccuracy.A Leeds
andNorthruptypeK-2potentiometerconnectedacrossthehalf-ohmstsmd-
ardresistancegavethecurrentreadingtofoursignificantfigures.
Wiretemperaturewascomputedfromwireresistance,whileairtemperature
wasmeasuredona mercurythemnometerintheairstresmto an accuracyof.
at least1/10°C.

Formeasurementswiththesurfacewirethesameelectrical.apparatus
wasused,thiswirebeingsubstitutedfor.thehot-wireprobe.During
thesemeasurementsconsiderabletimewasallowedforthereadingsto
stabilize.

Hbt-WireCalibrationby SheddingFrequencyofa Cylinder

Apointof interestmaybe a hot-wirecalibrationwhichwasaccom-
plishedusingthevortex-sheddingfrequencyofa cylindertomeasurewind
velocity,as describedby Roshkoinreference10. figure6 showsthe
highaccuracyattainableby thismethod,eventothecheckingofthefree.
convectionpoint(zerovelocity).Thelowestspeedreadbymesasofthe
sheddingfrequncywas~ centimeterspersecond,whichwithalcoholof
0.81specificgravitywoti correspondto a pitot-staticreadingofless
than0.002centimeterofalcohol.At suchspeedstheshedding-frequency
methodis still.highlyaccurate,withproperchoiceofcylindertismeter,
sothataccuratecalibrationwaspossibledownto speedsaslowasalmost
allthoseusedindeterminingvelocitygradientsatthesurfaceofthe
plde.

Alltheworkwasdonewithrelativelycoolwires;thewiretempera-
tureneverexceeded100°C,andairtemperaturewasintheregionof
20°c. Throughouttheworkslowvariationsoftemperaturewereencoun-
teredsothattheresultsrepresentwhatcouldreasonabl.ybeexpected
underordinaryoperatingconditionsinmostwindtunnels.

Forpracticalapplicationsa muchneaterinstallationwo@d be desir-
able,possiblya plugof insulatingmaterial,suchasebonite,inserted
tithemodelstiace,thewirebeingcementedina grooveandproperly
smoothedoffatthesurface.I&e onemustbearinmindthattheextent
oftheinsulatingmaterialhastobe sufficienttomakeanyconduction
tothemodelnegligible,sothata singlecalibrationwiU holdgood.

At lowspeedsthewholeofthemodelshouldreachstagnationtemper-
ature,sothatheatlosstothemodelshouldbe sensiblyindependentof
thetypeofboundarylayeratthepointof study,wheretheonlyappre-
ciabledeviationfromstagnationtemperatureoccurs.

I
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Whenconditionsof varying surfacetemperatureariseinthemodel,
itisthen,of course,importantthattheconditionsofheatlossbe the
ssmeforbothcalibrationandactualuse. W geneml,thismeansthat
the“instrument”mustbe mibjectedto conditionsnearthepointofmeas-
urementonlyandmustbe separatedfromtheremainderofthemodel.Air
beinga betterinsulatorthananysolidby a factorofabout60,it is
clearlyadvisabletomounttheinstrmentpluginthesurface,lea-
anadequateairspacesurroundingtheplugasmuchaspossible.Thewire
thensettlesdowntothelocalrecoverytemperatureandwhenheatedis
raisedan smountAT abovethistemperature.

EvaluationofEffectiveIagth ofHeatedElement

Theheatsuppliedby an electricallyheatedelementcliffusesinto
thesolidsurfacetiwhichtheelementisembedded.Hence,thelengthL,
whichentersthesimplerelationsassuminga uniformlyheatedelement,has
tobe replacedby a suitablemeanvalue.Forthemeasurementsthemselms
thisrefinementisnotnecessarystncetheinstrumentis calibrated.How-
ever,to checkwhetherinequality(28) is satisfied,onehasto esti-
mate L. Thismaybe donefrantheslopeofthestraightlinegiving

l/3 (fig.5).~, ora rektedquantity,asa functionof 7W Forthe
caseofthehot-wireembeddedh theebonitesurface,L -S foundto
be 0.5 centimeter.Inequality(29)is satisfiedthroughoutthepresent
experiments,theratio E/~ beingoftheorderof1,000and Nu(L,E)
beingoftheorderof30.

CONCIZIDINGKEMARKS

Theexperimentsreportedhereshowthatitispossibleto usea
shnplehot-wireembeddedinan insulatingsurfaceto obtainlocalskin-
frictioncoefficientsinlow-speedflow.A singlecalibrationgivingthe
heatlossofthewireintermsoftheshearingstressonthesurfaceis
foundtoholdforbminsrandturbulentboundarylayers.Thetheoretical
discussiondefinesthereqdrementsforsuchan instrumentandindicates
thepossibil..i~ofextendingthetechniquetohigh-speedflowandlarge
pressuregradients. Thebasicrelationsforthetotalheatloss ~ from
theheatedelement,whenkeptata temperaturedifferenceAT frm the ,
equilibriumtanperatureofthesolidsurface,maybe expressedinterms
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oftbePrandtlnumberPr,
ReynoldsnumberRL based

Qw. prl/3Q1/~L2/3
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theskin-frictioncoefficientCf,anda
ontheeffectivelengthL oftheelement:

Qw- #4 L @ 1/4%1/2
G (- )

2dx
nearbminarseparation

pu

Here x isthethermalconductivity,dp/dx isthepressuregradient,
U isthefree-streamvelocity,and p isthefluiddensity.In order
toallowa singlecalibrationforlaminarad turbulentboundarylayers,
whileatthesametimesatisfyingtheboundary-lsyerapproximationswhich
leadto theexpressionsabove,theinequality

mustbe satisfied.

CaliforniaInstituteofTechnolou,
Pasadena,Calif.,July1s,1953.
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DRWERENTFORMSOFEEATEDELEMENT

Priorto theuseofa wiremountedinthesurface,hrgerheated
elementswereinvestigated;thektter,althoughsensitivetothetype
ofboundarylayertowhichtheywereexposed,wereperfectlycapableof
calibrationevenwhensolidlymountedinsmeboniteplatewithoutany
effortto avoidlossestotheplate.Twomethodsofheatingwereused.
w first,followingLudtieg’seqle, useda mat= ~~ WO~ ona
glassrodandinsertedinabrassblock,whichwasthenlappedflushwith
thesurfaceoftheplate.Thesecondmethodemployeda thinpkate,lapped
flushwiththesurfaceandfedwithheatby an ironstripterminatingin
a loopof ironsomedistancebelowtheplste,as showninthesketch.
Thisloopwasheatedby induction,a
coil.beingplaced.insideitandfed
withl/2-megacycle-per-secondalter-
natingcurrentfroman oscillator.
Therateofheatflowtotheelement !
-S measuredby thermojunctions
employingconstantanwirebroughtout
toteminalsA,whilethesurface- ,
temperatureriseabovetheeqdlibrim
platesurfacetemperaturewasobtained
bymeansofa thermojunctionfomedby
bringinga constantanwirefranthe
surfaceelementandan ironwirefrcm
thebottomoftheringtotermimikB.
A referencejunctionwasplacedinthe
surfaceoftheplateat somedistance
fromtheheatedelement.Theobject
of inductionheatingwastopermita glasshousingtobebuiltaroundthe
systemandevacuatedinorderto cutdo~ extraneouslosses.

Althoughnoattanptwasmadeto elaborateuponthesystem,ithada
reasonablyfastresponse,andtransitionfranlaminarto turbulentbound-
arylayercouldbe detectedimmediately.

Thepossibilityofmountinga verythinbutwell-insulatedelement
flushwiththesurfacewasconsideredforthepurposeofmakingdynamic
measurements.By inductionheatingtheelementcouldbe raisedto a
steadytemperature,asmeaswd by fh the~couple~res fit~ el~nt ~
andthefieldcouldthenbe switchedoff. Theinitialrate,of coollng
wouldgivetherateofheattiansferat theinitialtemperature,and,by
repeatedcycling,a steadypatterncouldbe obtainedonan oscilloscope.

.

.

—
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m isthemassoftheelement,u isthespecificheatofthe
material,Tw is the temperatureoftheelement,H istheheat
oftheelement,sad ~ istherateofheattransfertothe

boundaryhyer,then

whenno ener~ isbeingsupplied.

A studyoftheelementdimensionsrequired,evenforverylow-
frequencycyclingoftheprocess,showsthatformostordinaryvalues
ofskinfrictiontheelementwouldhavetobe sothinthatconstruction
wouldbe quiteimpossible.Infact,to obtainsufficientmechsmical
strengthintheelementtopetit lappingthejunctionwiththephte,
somuchmassisrequiredthatthetransientresponsewouldbeveryslow
indeed;ontheotherhand,a singlecoolingcyclewouldbe oflittleuse
foraccuratemeasurement ofheat-transferrates.

_.—...--— — .—. - ..= —-— —.-————— — —----——. - -—--- --–--————— ------



22

1.Dhawan,%tish: D~ct
1953. (SupersedesTN

lmFERENcEs

Messurementsof
2567.)

skinl?ciction.NACARep.1121.,

2.Coles,D.: MeasurementsintheIWndaryLayerona %oothFlatPlate
in SupersonicFlow.Ph.D. ~SiS, C.I.T.,1953.

3. Fage,A. andFallmer,V.M.: RelationBetweenHeatTrazu3ferand
SurfaceFrictionforIaminarFlow.R. & M. No.l@8, BritishA.R.C.,
1931.

k. Ludwieg,H.: =trumentfor
TurbulentBoundaryMyers.

MeasuringtheWti ShearingStressof
NACAm I-284,1950.

p. Ludwieg,H.,andTillmann,W.: InvestigationsoftheWall-shearing
firessinTurbulentBOundaryIayers.~W ~ 1285,1950.

6. LighthSU,M. J.: ContributionstotheTheoryofHeatTransfer
Througha LaminarBoundsryLsyer.Proc.Roy.SOC. (hdon),
ser.A, vol.202,no.1070,Aug.7, 1950,PP.3s9-37’7.

7. Chapman,DeanR. andRubesin,MorrisW.: TemperatureandVelocity
ProfilesintheCompressibleLaminarWmdary IayerWithArbitrary
DistributionofSurfaceT_ra*. Jour.Aero.Sci.,vol.16,
no.9,Sept.1949,pp. 547-565.

8. Ecketi, E. R. G.: IntrcxluctiontotheTransferofHeatandMass.
Firsted.,McGraw-Hi~BookCO., tiC ., 1950.

9. Roshko,Anatol: m the DevelopmentofTurbulentWakesfromVortex
Streets.NACATN 2913,1953.



NACATN3268 23

Y
MAXIMUM USEABLE

1 VALUE=OF L

LIMIT OF LAMINAR LAYER r
,/-

U
/% LIMIT OF i/

~ THERMAL LAYER IFLAT PLATE
///////////////// ////////////// //// -x

T=TW I T=Tw+A~ ‘

Figure l.- Heatingoffluidbyan element.

, ,Y

LIMIT OF LAMINAR LAYER -d
/- ‘<:,M,~ o,,/ /

0 THERMAL LAYER

////////// /
“’~’’’’”” x

/

I ~HOT -WIRE

~ EFFECTIVE L ‘j

Figure2.-Heatingoffluidby a wireinsurface.

,

... —— —-.-—.-— —-- —.-——.—- —-- —--—— ——--—- -— --- ---- —--— -



HOT-WIRE PROBE
u \

TV
PLATE

7
:)

W7/7m -

(EBONITE

Figure3.- Sketch of apparatua.

.



4x
NACA3268

I

40C

30C

200

100

T HEAT LOSS READING
CORRESPONDING TO
SURFACE WIRE NOT
MOUNTED FLUSH—

~WIRE TOUCHING
t
I

WALL

1.36 1.38 1.40 1.42 1.44

MICROMETER READINGS, CM

Figure4.- Extendedvelocity profile illustrating effectof
wiretowall.

touching

I

—.. .. . . .. . . . .—. —.— ... . . —. ..- ._ —— .-. . ..-—



.4: -

.

I

I

ak
% 4

I
.1

0

x 10-~

Q LAMINAR

● TURBULENT

. .- .-
V .3 1.0 1.3 Z.o

I (t*)”3, (DYNE /Chf2)1’3

I R&me 5.- Heat 10SS from a wire cementedflush with surface.
I i, hot-wire current; R, resistance.



I
ilR

m’

i

I

I

I

I

WATT
‘c

.3x 10-2

.2

.1

0 0 10 20 30 40

Figure 6.- Hot-wIre
of cylinder aa

U“2, (CM/ SECf’2

velocity probe calibration using shedding frequency
atanaexd. i, hot-wire cwrentj R, reslstmce.


